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Zusammenfassung
Das Hauptziel der Dissertation war die Entwicklung und Bewertung von Fleischanaloga aus alternativen 
Proteinquellen wie Soja, Lupine und Mikroalgen mittels der Nassextrusionstechnologie.
Im ersten Teil der Arbeit wurde der Einfluss von Extrusionsbedingungen wie Extrusionstemperatur (135
180 °C), Wassergehalt (40 68 %) und Schneckendrehzahl (400 1800 U / min) auf das Extruderverhalten 
und die Eigenschaften der Extrudate untersucht. Die Fleischanaloga wurden auf Basis von 
Lupinenproteinkonzentrat und -isolat (50:50) produziert. Die Extrudertemperatur zeigte einen geringen 
Einfluss auf die getesteten Eigenschaften. Der Wassergehalt zeigte eine negative lineare Korrelation bei 
allen Extruderparametern, beim Farbunterschied und der Schnittfestigkeit von Extrudaten. Die 
Produkttemperatur am Extruder, die spezifische mechanische Energie und die Kochausbeute der 
Extrudate waren mit zunehmender Schneckendrehzahl erhöht. Eine erhöhte in-vitro-Verdaulichkeit wurde 
bei höherem Wassergehalt gefunden. Fleischanaloga zeigten eine bessere Texturierung bei erhöhter 
Temperatur und Schneckendrehzahl zusammen mit einem verringerten Wassergehalt.
Um die Nutzbarkeit der Spirulina-Biomasse für die Nassextrusion zu prüfen, wurden die Versuche mit 
der Lupinenproteinmischung durchgeführt. Der Einfluss verschiedener Spirulinagehalt (bis zu 50 %
Trockenmasse) und von Extrudergehäusetemperatur (145 ° C, 160 ° C und 175 ° C), Wassergehalt (50, 55 
und 60 %) und Schneckendrehzahl (500, 800 und 1200 U / min) auf die Extrudateigenschaften wurde 
untersucht. Die physikalischen Eigenschaften wie Textur, Kochausbeute und Wasserhaltekapazität 
wurden durch den Spirulinagehalt und die Extrusionsparameter signifikant beeinflusst. Erhöhte 
Temperatur und Schneckendrehzahl sowie verringerter Wassergehalt verbesserten den Anteil von 
Gesamtflavonoiden, Gesamtphenol- und Antioxidansaktivität von Fleischanaloga geringfügig, und die 
Zugabe von Spirulina-Biomasse erhöhte diese Eigenschaften signifikant. Die Zugabe von Spirulina
beeinflusste die in-vitro-Proteinverdaulichkeit der Extrudate negativ. Dieser Effekt wurde durch 
Erhöhung von Wassergehalt und Schneckendrehzahl ausgeglichen. Darüber hinaus veränderte das 
Extrusionsverfahren die sekundären strukturellen Eigenschaften der Proteine in den Fleischanaloga.
Sojafleischanaloga
mittels Planetenwalzenextruders untersucht. Die Zugabe von ICGN erhöhte die Schnittfestigkeit und 
Elastizität signifikant und verringerte die Wasserhaltekapazität und die Kochausbeute. Zusätzlich ergab 
die Zugabe von ICGN eine kompakte Netzwerkstruktur. Die sensorische Bewertung ergab, dass das 
Fleischanalogon mit 1,5 % ICGN am besten akzeptiert wurde und die Zugabe von ICGN die Faserstruktur 
/ Texturierung, eine Schlüsseleigenschaft der Fleischanaloga, verbesserte.
Schlagworte: Nassextrusion; pflanzliche Proteine; Fleischanaloga
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Abstract
The main aim of the thesis was to develop and evaluate the meat analogues from alternative protein 
sources such as soya, lupin and microalgae using high moisture extrusion (HME) processing.
In the first part of the work, the effect of extrusion conditions, such as barrel temperature (135 180 °C), 
water feed (40 68 %) and screw speed (400 1800 rpm) on extruder responses and properties of the meat 
analogues based on lupin protein concentrate and isolate (50:50) was investigated. Barrel temperature 
showed negligible influence on the tested properties. A negative linear relationship of water feed was 
found on all of the extruder responses and on colour difference and cutting force of extrudates. Product 
temperature at extruder, specific mechanical energy and cooking yield of the extrudates were increased 
with increased screw speed. An increased in-vitro protein digestibility (IVPD) was observed with higher
water feed content. Meat analogues showed better texturization with increased temperature and screw 
speed along with decreased water content.
The investigation further continued with the aim of testing the feasibility of incorporating Spirulina 
platensis biomass with lupin protein mixtures for HME. The influence of different Spirulina 
concentrations (up to 50 % by dry mass), extruder barrel temperature (145 °C, 160 °C and 175 °C), water 
feed (50, 55 and 60 %), and screw speed (500, 800 and 1200 rpm) on the extrudate properties was 
investigated. The physical properties, such as texture, cooking yield and expressible moisture were 
significantly affected by the Spirulina addition and extrusion parameters. Increased temperature and 
screw speed as well as decreased water feed slightly improved the content of total flavonoids, total 
phenolics and antioxidant activity of meat analogues, and the addition of Spirulina biomass significantly 
increased those properties. The addition of Spirulina negatively influenced the IVPD of extrudates, 
however, this effect was counterbalanced with the controlled extrusion conditions, such as increased 
water feed and screw speed. Furthermore, the extrusion process modified the secondary structural 
properties of the proteins in the meat analogues. 
Further, the application of iota carrageenan (ICGN) as an additive was investigated to develop a soya 
meat analogue using a planetary roller extruder (PRE). The addition of ICGN significantly increased the 
cutting force and elasticity and decreased expressible moisture and cooking yield. Additionally, an
increase of the compact network structure of the extrudates was observed with the addition of ICGN by 
the scanning electron microscopy. Sensory evaluation revealed that the meat analogue with 1.5 % ICGN
was best accepted, and the addition of ICGN improved the fibrous structure/texturization, which is a key 
property of the meat analogues.
Keywords: High moisture extrusion; plant proteins; meat analogues
IV 
 
Preface
The thesis work has been published in the following peer reviewed publications:
Palanisamy M, Franke K, Berger RG, Heinz V, Töpfl S (2019) High moisture extrusion of lupin 
protein: influence of extrusion parameters on extruder responses and product properties. J Sci 
Food Agric. 99: 2175 2185. doi: 10.1002/jsfa.9410
Palanisamy M, Töpfl S, Berger RG, Hertel C (2019) Physico-chemical and nutritional properties 
of meat analogues based on Spirulina/lupin protein mixtures. Eur Food Res Technol. doi: 
https://doi.org/10.1007/s00217-019-03298-w
Palanisamy M, Töpfl S, Aganovic K, Berger RG (2018) Influence of iota carrageenan addition on 
the properties of soya protein meat analogues. LWT - Food Sci Technol 87:546 552. 
doi: 10.1016/j.lwt.2017.09.029
  
V 
 
Contents
Acknowledgements ........................................................................................................................................ I 
Zusammenfassung ........................................................................................................................................ II 
Abstract ........................................................................................................................................................ III 
Preface ......................................................................................................................................................... IV 
Contents ........................................................................................................................................................ V 
Abbreviations ............................................................................................................................................... VI 
1. Critical evaluation of research topic and most important results to the scientific state-of-the-art .... 1 
1.1. World population and future protein demand ............................................................................. 1 
1.2. Plant-based meat analogues ......................................................................................................... 2 
1.3. High moisture extrusion (HME) .................................................................................................... 3 
1.4. Protein ingredients for the high moisture extrusion .................................................................... 5 
1.5. Control of texturization ................................................................................................................. 6 
1.6. Texturizing aids ............................................................................................................................. 7 
1.7. Effect of extrusion on nutritional properties ................................................................................ 8 
2. Objectives of the work ........................................................................................................................ 10 
3. Publication: High moisture extrusion of lupin protein: influence of extrusion parameters on 
extruder responses and product properties ............................................................................................... 11 
4. Publication: Physico-chemical and nutritional properties of meat analogues based on 
Spirulina/lupin protein mixtures ................................................................................................................. 23 
5. Publication: Influence of iota carrageenan addition on the properties of soya protein meat 
analogues .................................................................................................................................................... 35 
6. Outlook ............................................................................................................................................... 43 
7. References .......................................................................................................................................... 44 
8. Curriculum Vitae ................................................................................................................................. 51 
VI 
 
Abbreviations
ANOVA One way analysis of variance
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 1. Critical evaluation of research topic and most important results to the scientific state-of-the-art
 
1.1. World population and future protein demand
Due to the forecasted increase in world population in the next two to three decades, concerns over 
producing adequate food protein for the projected 10 billion people by 2050 are inevitable. It is projected 
that, compared to 2006, the world would need 70 % more food in order to meet the demand in 2050. In 
the 17 sustainable goals adopted by the United Nations, second 
place in the agenda for 2030 on sustainable development [1]. It is implausible that only increasing the 
agricultural production efficiency will solve this food gap problem. The major source of protein is meat 
especially in developed countries for the production of which enormous amounts of resources are spent. 
Almost 30 % of global greenhouse gas emissions arise from food production [2], from which meat 
production accounts for 14.5 % [3].
Hence, both the agricultural productivity improvement and changing the diet pattern from animal based 
foods to plant based could mitigate the increasing food demand in future, as the plants based diet requires
less resources and has less environmental impact than an animal based diet [4]. For the production of 
livestock in Europe, more than 80 % of the protein is imported from outside of Europe which originates 
mostly not from environmental-friendly sources [5]. For one kg of edible protein generation from beef, 
282.6 m2 land, 109 m3 water, 2.7 liters of fuel (includes gasoline and diesel used on the farm for 
agricultural and livestock production), 1.94 kg fertilizer (includes N, P and K) and 93 g pesticide (used for 
raising animals and for growing animal feed) are required. Mejia et al reported from life cycle 
assessments that one kg of beef protein production generated 45 640 kg of carbon dioxide equivalents 
(CO2e), whereas 10 kg CO2e per kg of protein is produced from tofu. Other meats such as pork, chicken,
and seafood (fisheries) score with ranges of 20 55, 10 30, and 4 540 kg CO2e per kg of protein, 
respectively [6].
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 Besides the higher meat consumption in developed countries, due to the improving economical situation,
the developing countries are also having a shift towards westernized diet, which contains more meat and 
is higher in saturated fat, sugar, and refined foods and lower in fiber [7].
Comparing to the predicted diet patterns in 2050, a shift towards a complete vegetarian diet worldwide 
could lead to 55 % per capita reduction in emissions occurring from food production [8]. For example 
in Germany, switching from the omnivore diet to an ovo-lacto-vegetarian could result in a one third 
reduction of emissions and even up to 50 % less emissions in case of a vegan diet [9]. Therefore, the 
question of how to achieve the change in eating behavior to reduce the meat consumption is gaining 
attention among scientists and social workers.
One of the strategies that can be used to reduce the meat consumption is developing meat analogue
products from sustainable alternative protein sources [10].
1.2. Plant-based meat analogues
Meat analogues are referred to as foods which have texture, mouth-feeling, taste, and nutritional value 
similar to meat products [11]. The difference in taste, texture, appearance, and odor of plant protein based 
foods comparing to meat and meat based products might hinder the enhancement of consumption of plant 
protein based products. So, the sensory properties of the meat analogues must be optimized for the wide 
acceptance among consumers. However, few products (e.g., veggie burgers, black bean burgers) that do 
, as they are also produced with 
the intention to replace meat, such as beef, chicken, or fish patty [12]. Meat analogues are commonly 
produced from plant based protein ingredients such as soya, wheat and pea, but also few products are 
made from other proteins sources, e.g. milk, egg, and fungal substrates. Early meat analogue products,
such as tofu or seitan are produced with empirical technologies. Since 1960s, soya and wheat protein 
ingredients were used to develop meat analogues using low moisture %) extrusion. Since the low 
moisture extruded traditional meat analogues lacked the texture of meat, HME has been introduced in the 
early 1980s. HME showed potential to impart the fibrous texture and mouth feeling in meat analogues 
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 similar to meat [13]. Currently, extrusion is the most commonly used commercial technique for the 
texturization of plant proteins. Other techniques that can be used for protein texturization are wet spinning
[14], electro spinning [15] [16], freeze structuring and shear cell technology [17] [18] [19]. However,
these technologies are not yet well researched and require some more time to be functional on commercial 
level.
1.3. High moisture extrusion (HME)
The extrusion process is defined as a continuous thermomechanical process by which the protein /starch
based food materials can be moistened, molten, plasticized and expelled out of the die through the 
combination of pressure, heat, and mechanical shear [20]
 
Protein texturization using high moisture extrusion [21]
According to Noguchi [22] extrusion cooking is called HME cooking, if the processed mass shows a
moisture content of above 50 %, whereas Cheftel et al [23] und Akdogan [24] defined the HME process
with a minimum moisture level of 40 %. Unlike in low moisture extrusion, in HME the shear produced in
the extruder is low due to the lower viscosity produced by the high moisture content. Hence, the thermal 
energy must be efficiently incorporated in the extruder to increase the feed temperature. For HME, 
extruders are normally configured with a high length/diameter ratio between 25 and 40 [25] .
Furthermore, twin screw extruders are usually used for HME as they provide better conveying 
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 mechanisms and enable the better process controlling than single screw extruders [22] [24]. However, as 
part of this dissertation, the feasibility of a planetary roller extruder was evaluated for the soya protein 
meat analogues. This type of extruder produces less shear and is normally used for mixing purposes and 
for food products which require less shear, for example ice cream.
For the texturization of proteins using HME, the cooking zone of the extruder is heated to a temperature
between 130 to 170 °C. At this temperature protein based material is plasticized under higher shear and 
pressure. A long cooling die attached at the end of extruder barrel allows the plasticized mass to cool 
down to a temperature below 100 °C. The mass is pushed through the die in a laminar flow where the 
stream alignment and fibrous structure formation take place [21].
The biopolymers used in extrusion are normally in the state of amorphous or partially crystalline solid 
structures, which depends on the microstructure and composition of the biopolymers. During extrusion 
heating, the polymers are converted from the solid to the liquid state due to the glass transition. In case of 
partially crystalline polymers, a liquid condition occurs through melting. The converted materials are 
turned again to solid or rubbery state in the cooling die, which is different from the original solid state of
the biopolymers [25]. It was also reported that during extrusion the protein molecules are unfolded due to 
the hydrolysis of peptide bonds and realigned through the modification of amino acid chains. Finally, the 
molecules are reconnected in the cooling die and forms fibrous structures through covalent iso-peptide 
crosslinking [24] [26].
Many studies focused on explaining the correlation between protein reactions in the extruder and textural 
properties of the extrudates using protein solubility tests and showed no indications for the intermolecular 
peptide bonding [26]. It was reported that the disulfide bonds could play more important role than non-
covalent interactions in stabilizing the structure of the extrudates [26] [27], whereas Chen et al [28] found 
that non-covalent bonds contributed more than covalent ones. So, the disagreement still exists on which 
linkages are more important for the extrudate structure formation. 
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 1.4. Protein ingredients for the high moisture extrusion
In the current research, protein ingredients, such as soya, lupin and Spirulina platensis were examined.
Soya:
Soya is the most researched protein for meat analogues using the HME process [29]. Defatted soya meal, 
soya protein concentrate and soya protein isolate were suggested for HME. Full-fat soya flour or any 
other whole plant based flour with high fat content is not preferable for HME, as the high fat content 
produces less shear in the extruder and affects the texturization negatively. Moreover, other problems 
such as oil separation and lower oxidative stability can occur due to the higher fat content. 
The formulation of meat analogues usually contains a plant protein concentrate or isolate, insoluble fiber, 
starch and other ingredients for taste and texture. Early in the 1980s, HME was mainly performed with 
defatted soya flour [30] [31] [32]. In the later years, soya protein isolate was mixed with other ingredients
such as wheat gluten and wheat starch and used for HME [33- 40] .
Lupin: 
Lupin is a plant protein source comparable to soya bean, and it is already used in food products in Europe. 
There has been a slight increase in lupin cultivation area and production rate in Europe over the past 
years. However, compared to soya or pea ingredients, the application of lupin exists only to a smaller 
extent despite having numerous beneficial properties. In bakery and gluten free products, lupin is applied 
in very low concentration (<5 %). However, development of new products containing lupin ingredients is
increasing these days. For growing sectors, such as vegetarians, vegans, and people with intolerance or 
allergy to gluten, soya, milk, or egg, there is huge potential for lupin-based products [41]. The extrusion 
of lupin ingredients has not been researched until to date, and the potential meat analogues with lupin 
protein can be regarded as regional in Europe, as lupin can be cultivated locally.
Spirulina:
Microalgae are considered as arising novel sustainable alternative protein sources. It is predicted that by 
the middle of this century, 18 % of the whole protein sources might be covered by algae in the diverse 
markets [42]. Microalgae are also regarded as an alternative for other plant proteins due to allergenicity 
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 issues [43]. Among different species of microalgae, Spirulina and Chlorella are the most used in the food 
sector due to their high protein content and excellent nutritional value [44].
The potential of microalgae has been already well realized in Europe. A Spirulina based burger was
launched in Dutch and Belgian markets already [45]. The very first study by Grahl et al reported the 
sensory aspects of meat analogues produced from soya and Spirulina mixtures. The study showed that in 
the soya protein based meat analogues produced by the HME process, 50 % of the soya protein can be 
replaced with Spirulina platensis biomass [46]. Apart from the potential use in meat analogue products, 
recently the incorporation of microalgae in meat products has also been investigated [41] [45]. It was 
found that the addition of Spirulina increased the total, essential and non-essential amino acid content in 
pork sausages [43].
Other protein ingredients:
Pea protein also gained attention as an alternative protein in recent years for the HME processing, as it 
shows high nutritional and low allergenic characteristics [27] [48]. Apart from soya and pea, other
ingredients, such as wheat gluten [49] [50] [51], peanut protein [52] [53] [54] has also been researched 
with HME. Other legumes and proteins from oilseed sources could also be in the ingredients list in the 
future for the meat analogues production with HME [55].
1.5. Control of texturization
The texturization quality of meat analogues can be assessed by analyses, such as cutting force 
measurements [33] [38] [40], microscopical characterization [22] [34] [56] and sensory evaluation.
The measurement of the cutting force is performed in longitudinal and transverse directions with respect 
to the flow direction in the cooling die in order to determine the degree of texturization/fiber formation. 
Other methods for the determination of fiber formation include fluorescence polarization spectroscopy 
[57] and a real-time scanning system based on photon migration [35]. Nevertheless, sensory evaluation is 
considered to be the best analysis to evaluate the meat analogues, as it provides the data for overall 
textural quality characteristics. The fibrous structure formation/ texturization is a key quality 
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 characteristic for the meat analogues which provides the mouth feeling and texture similar to meat.
Texturization can be controlled by several factors, such as by system parameters inside the extruder and 
cooling die and the composition of the raw materials [21].
Moisture content appears to be an important parameter affecting the overall texture quality of the product.
The HME of soya protein with lower moisture content showed higher die pressure, and the products 
resulted in harder texture, lower total protein solubility, and the products were tougher, chewier, and more 
cohesive [33] [34].
The texture of the meat analogues can also be controlled by the extrusion cooking temperature [22] [38]
[48] [58]. The texturization temperature and moisture vary for each protein type and raw material 
composition. The texturization begins to occur for the pea protein isolate at a temperature between 100 
and 120 °C with an optimum of around 140 °C [48]. The experiments conducted with differential 
scanning calorimetry by Noguchi [22] showed that for the mixture of soya flour with 60 % moisture, the 
temperature of 130 °C was considered the lowest for the texturization. However, according to the study of 
Lin et al [33], the HME of soya protein isolate at 130 °C showed fibrous structure, which could be due to 
the different raw material composition (e.g. protein content). Besides the raw material composition, the 
optimum extrusion conditions also depend upon the extruder screw configuration. The cutting force of the 
extrudates can be increased with increased shear by using aggressive screw configurations [40].
1.6. Texturizing aids
Effect of additives on the properties of meat analogues with HME is still an unexplored area. The sulfur
containing additives can be used for the HME as studied for low moisture extrusion of soya [59]. The 
effect of additives, such as metasodium bisulphite, cysteine and phosphate was investigated by Roberts
[60] and it was shown that only phosphate improved the texturization of wheat gluten under low moisture 
extrusion.
The application of polysaccharides in the protein based extrusion improved the texturization, which 
perhaps occurs through a phase separation phenomenon between protein and carbohydrate during the 
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 stream alignment in the die. Transversal protein aggregation is hindered through the phase separation 
which results in the maintenance of individual protein fibers [23]. Contrary to this hypothesis, Noguchi 
[22] hypothesized that protein-protein interactions could be enhanced in longitudinal direction by water 
binding polysaccharides. It was also reported that a mixture of two noncompatible proteins or 
polysaccharides enable phase separation and fiber formation through thermodynamic noncompatability 
caused by electrostatic repulsions [61]. Several conditions, such as pH, presence of ions, and 
concentration of each phase affect the phase separation. Respective viscosities of the two phases, the 
interfacial tension, and the rate of gelation of one or both phases also control and influence the fiber 
formation [23]. Boison et al [62] tested sodium alginate and methyl cellulose at the concentrations of 0.5
% and 1 % levels for the low moisture extrusion of defatted soya flour and reported that the sodium 
alginate increased the texture , whereas the methylcellulose showed the 
opposite results and weakened structure formation. Berrington et al [63] tested several hydrocolloids with 
low moisture extrusion of defatted soya grits. Hydrocolloids, such as guar gum, locust bean gum, sodium 
carboxymethyl cellulose, pectin and carrageenan had little effect on the extruder response on 1 % level, 
whereas sodium alginates, hydroxypropyl and hydroxyethyl celluloses showed significant reduction in 
extruder torque and product temperature. When defatted soya grit was extruded with 1 % sodium alginate 
at 180 °C, a decreased expansion ratio of the extrudate was observed. It was further reported that the 
molecular mass of the polysaccharides also influenced their reaction with protein [63]. However there 
have been no studies performed until to date regarding the effect of polysaccharides on HME. Hence, a
good understanding of protein and polysaccharides interaction during extrusion is still required to control 
and improve the fiber formation.
1.7. Effect of extrusion on nutritional properties 
The antioxidant properties and protein digestibility of the meat analogues were also examined as part of 
this research. Generally, extrusion is considered as a high temperature short time process and
advantageous for the protection of the food components, and the undesirable effects on proteins, amino 
8
 acids, starch and vitamins can be restricted [64]. Studies on starch based extruded snacks revealed that the 
extrusion can also positively affect the content of bioactives [65] [66] or their bioavailability [67].
Several factors such as raw material characteristics, mixing and conditioning of raw material, barrel 
temperature, pressure, screw speed, moisture content, flow rate, energy input, residence type, screw con-
figuration etc can influence the final composition of the extrudates [68]. Even though the extrusion 
process is considered as a short time process, the mechanical and thermal stresses caused during the short 
time process can have detrimental effects on the bioactive compounds [69].
The extrusion process was also reported to have a positive effect on the protein digestibility. Low 
moisture extruded soya and rape seed meals showed higher protein digestibility than untreated meals [70].
There have been no studies conducted on the protein digestibility of HME based protein products. 
However, the study by MacDonald et al [36] reported that the protein digestibility of HME based soya 
protein extrudates seemed to be higher, as the products showed higher growth rate in the tested mice.
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 2. Objectives of the work
The main objective of this work was to develop and evaluate meat analogues from alternative protein 
sources using HME processing. In the first part of the work, mixture of lupin concentrate and isolate was 
extruded and the focus was here to investigate the effect of extrusion conditions on system parameters and 
product properties (physical, textural and IVPD).
As a follow up to the first part of the research, Spirulina platensis biomass was incorporated with lupin 
mixtures, and the physico-chemical properties were evaluated. The additional focus was here placed on 
the evaluation of antioxidant properties of Spirulina enriched meat analogues other than textural and 
physical characteristics.
Further research work aimed to investigate the potential of using additives for the texture improvement of 
soya meat analogues. Here, the focus was also to use a planetary roller extruder (PRE) than traditional 
twin screw extruder. The objective of this research part was to examine the feasibility of a PRE extruder 
and also the effect of application of ICGN on physical, textural and sensory properties of the meat 
analogues.
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 3. Publication: High moisture extrusion of lupin protein: influence of extrusion parameters on 
extruder responses and product properties
Preface
Investigating new alternative protein sources is necessary to broaden the variety of meat analogues and to 
create value addition for those protein sources. The aim of this work was to investigate the effect of 
extrusion parameters on extruder responses and the lupin meat analogue properties. Though other earlier 
studies reported such effects on other proteins, such as soya and pea, a generic study is essential to 
understand how the lupin ingredients function in the extruder and to check the feasibility of lupin protein 
for the HME. Preliminary studies found the correct ratio of lupin concentrate and isolate, which was used 
in the study. Furthermore, the lack of knowledge on the protein digestibility of meat analogues also 
prompted this study first time to investigate the IVPD. Other than checking the feasibility of lupin 
proteins for HME, the textural and physical properties of the extrudates must be studied in relation to the 
extrusion conditions. As described in the references section, the HME studies of soya or peas showed that 
the extrusion conditions (temperature/water feed content/screw speed) have direct impact on the extruder 
responses (die pressure, product temperature, torque and specific mechanical energy) which in turn 
influence the extrudate properties. Knowledge on such effects regarding extruder responses and product 
properties must also be generated for a lupin meat analogue. Thus, the objective of the study was to 
investigate the effect of extrusion conditions on extruder responses and extrudate properties such as 
textural, physical, microstructural aspects and IVPD.
In this study, Knut Franke was involved in the setup of the experimental plan and contributed the 
statistical analysis. Stefan Töpfl, Ralf G. Berger and Volker Heinz contributed project ideas and were 
involved in the manuscript preparation process. 
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 4. Publication: Physico-chemical and nutritional properties of meat analogues based on 
Spirulina/lupin protein mixtures
Preface
As a follow up to the previous study, the Spirulina platensis was incorporated with lupin
protein mixtures for the HME as an alternative protein. For two reasons Spirulina was selected in the 
study: one was to make use of a sustainable protein source for the value addition of Spirulina, and the 
other was to enrich the lupin meat analogues more nutritionally with antioxidant properties.
The effect of different extrusion conditions (temperature/water feed content/screw speed) on
physicochemical properties of the lupin/Spirulina based meat analogues was evaluated. The antioxidant
properties of the extrudates were also additionally evaluated. As mentioned in the literature, only the 
knowledge on starch based dry extruded products is available with regard to antioxidant properties. 
Hence, it is interesting to know how the antioxidant properties behave in the HME environment unlike in 
low moisture conditions, which were already explored. Furthermore, FTIR analyses of the extrudates
were conducted to evaluate the secondary structural changes of protein after extrusion with the aim of 
understanding the relationship between protein structural changes and physicochemical properties of 
extrudates.
In this study, Stefan Töpfl, Ralf G. Berger and Christian Hertel contributed project ideas and were 
involved in the manuscript preparation process.
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Supplementary material
Fig.1. Original spectra of 30% spirulina added extrudate (trial number 3)
 
 
Fig. 2. Deconvoluted spectra of 30% spirulina added extrudate (trial number 3)
0
0.05
0.1
0.15
0.2
0.25
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Wave number (cm-1)
0
0.05
0.1
0.15
0.2
0.25
1600 1620 1640 1660 1680 1700
Wave number (cm_1)
Experimental band
Deconvoluted band
-sheets 
-helix 
-turn/loops 
Antiparallel -sheets 
34
 5. Publication: Influence of iota carrageenan addition on the properties of soya protein meat 
analogues
Preface
The study investigated the application of hydrocolloids with the focus on improving the texture of the 
soya meat analogues using a planetary roller extruder (PRE). Soya protein was chosen for this work, as it 
is a well-researched protein, and it would be a good starting point to use an additive and also to apply a 
new extrusion method. The use of additives for HME based meat analogues is still an unexplored area. As 
an additive, a food-grade hydrocolloid was chosen, as earlier studies showed that hydrocolloids are an
effective texture modifier in protein based food products. The preliminary experiments with different 
types of carrageenans revealed that ICGN might have the potential as a texture modifier. Hence, different 
concentrations of ICGN were tested in order to find the optimum concentration for the texture 
improvement of soya meat analogues.
The objective of this work was to use different concentrations of ICGN and evaluate the physical, textural 
and sensory properties of the soya meat analogues.
In this study, Stefan Töpfl, Ralf G. Berger contributed the project ideas and were involved throughout the 
manuscript preparation process. Kemal Aganovic contributed to the manuscript by reading and correcting.
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 6. Outlook
The research confirmed the feasibility of lupin protein and partial utilization of Spirulina biomass for the 
development of meat analogues using HME. The use of Spirulina biomass enriched the antioxidant 
properties of lupin meat analogues. Further it was proven that a low shear extrusion method was possible 
for the meat analogues production. It was also further shown that the texture of the meat analogues could 
be improved by the addition of ICGN. However, in the future further studies could be conducted on the 
following aspects.
The plant based protein concentrates/isolates used in the production of meat analogues are often 
deficient/lacking in some of the nutrients such as iron, zinc, vitamin B12, vitamin D3 and docosahexaenoic 
acid, which are found abundantly in meat and animal based products. Hence, the nutritional composition 
can be further improved in the meat analogues by the addition of nutrients during extrusion. The effect of 
extrusion on the retention and functionality of nutrients in the meat analogues can be further assessed.
The Spirulina biomass used in the study resulted in dark green coloured extrudates, which could be 
avoided by extraction of the pigments from the Spirulina. On the other hand, red coloured microalgae, for 
example Haematococcus sp. or other heterotrophic microalgae, can be used to mimic the colour qualities 
of the meat. Furthermore, the addition of natural food colours and their stability during storage can be 
studied.
The improved IVPD and antioxidant properties of the protein ingredients after HME must be backed up 
by conducting in-vivo studies to confirm the bioavailability of antioxidants and protein digestibility.
The planetary roller extruder can be further investigated for other protein sources as well. Further 
investigations on understanding the molecular mechanism of hydrocolloid and protein interaction can be 
conducted for the meat analogues. Other types of food additives can also be explored for the improvement 
of texturization. Thus, the opportunities for exploring and researching the plant based proteins are endless 
to create sustainable meat analogues. 
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